ABSTRACT: First-principles calculations were performed to investigate the electrochemical stability of lithium solid electrolyte materials in all-solid-state Li-ion batteries. The common solid electrolytes were found to have a limited electrochemical window. Our results suggest that the outstanding stability of the solid electrolyte materials is not thermodynamically intrinsic but is originated from kinetic stabilizations. The sluggish kinetics of the decomposition reactions cause a high overpotential leading to a nominally wide electrochemical window observed in many experiments. The decomposition products, similar to the solid-electrolyte-interphases, mitigate the extreme chemical potential from the electrodes and protect the solid electrolyte from further decompositions. With the aid of the first-principles calculations, we revealed the passivation mechanism of these decomposition interphases and quantified the extensions of the electrochemical window from the interphases. We also found that the artificial coating layers applied at the solid electrolyte and electrode interfaces have a similar effect of passivating the solid electrolyte. Our newly gained understanding provided general principles for developing solid electrolyte materials with enhanced stability and for engineering interfaces in all-solid-state Li-ion batteries.
INTRODUCTION
The continued drive for high energy density Li-ion batteries has imposed ever stricter requirements on the electrolyte materials. Current organic liquid electrolytes are flammable, causing notorious safety issues for Li-ion batteries. The limited electrochemical window of the organic liquid electrolytes limits the choice of electrode materials and hence the achievable energy density of the Li-ion batteries. The solid electrolyte materials based on Li-ion conducting ceramics are promising alternatives for the conventional polymer electrolytes to make all-solid-state Li-ion batteries. 1, 2 Thanks to the recent discovery and development of Li ionic conductor materials such as Li thiophosphates 1, 3, 4 and Li garnet-type materials, 5 high Li ionic conductivities of 1−10 mS/cm comparable to the organic liquid electrolytes have been achieved in the solid electrolyte materials. Moreover, the claimed outstanding stability of ceramic solid electrolyte materials may provide intrinsic safety for the Li-ion batteries and may enable Li metal anode and high-voltage cathodes, 1,2 which may significantly increase the energy density for Li-ion batteries. 6−8 The claimed outstanding stability of the solid electrolyte materials is based on the widely reported electrochemical window of 0−5 V from cyclic voltammetry (CV) measurements. 1,8−10 However, some recent experimental and computational studies questioned the claimed stability of solid electrolyte materials against Li metal and at high voltages. For example, the reduction and oxidation of Li 10 GeP 2 S 12 (LGPS) at low and high potentials, respectively, in contrast to the originally claimed 0−5 V electrochemical window, have been demonstrated by first-principles computation 11 and the experiments. 12 Recent in situ X-ray photoelectron spectroscopy (XPS) experiments have also observed the interfacial decomposition of LiPON, 13 lithium lanthanum titanate, 14 and NASICON-type 15 solid electrolyte materials against Li metal. These reports lead to an outstanding discrepancy, i.e., the wide electrochemical windows of 0−5 V reported in many CV experiments are contradictory to the decomposition of the solid electrolyte against Li. Although the experimental evidences for the decompositions have been reported in a range of materials from sulfides to oxides and oxynitrides, it is not clear whether the decomposition of ceramic solid electrolytes is a universal phenomenon and whether some ceramic solid electrolyte can indeed achieve a "true" stability window of 0−5 V. It is speculated that the decomposition products form interphases to passivate the solid electrolytes and to inhibit the continuous bulk decompositions. 11, 14, 15 However, little is understood about the fundamental physical and chemical mechanisms governing the decomposition and the passivation of the solid electrolyte materials in the all-solid-state Li-ion batteries. Why only certain materials can be spontaneously passivated but others cannot? In addition, the decomposition products at the interfaces between the solid electrolyte and electrode may cause high interfacial resistances and mechanical failures in the all-solid-state Li-ion batteries. 2, 16 Therefore, computation methods are needed to identify the potential formation of the interfacial decomposition products and to quantify the electrochemical window of the solid electrolyte with the considerations of the passivation effects.
In this study, we systematically investigated the electrochemical stability of common lithium solid electrolytes using first-principles computation methods. We identified the phase equilibria and decomposition reaction energies of the lithiation and delithiation of the solid electrolyte materials against Li metal and at high voltages. Our computation results determined that most solid electrolyte materials have a limited intrinsic electrochemical window and that the decomposition of most solid electrolyte materials are thermodynamically favorable forming decomposition interphases. The mechanisms were suggested regarding the origins of the high nominal electrochemical window observed in the experimental studies. In addition to the high overpotential due to the sluggish kinetics of the decomposition reactions, the passivation mechanism of the decomposition interphases were illustrated. The extensions of the electrochemical window provided by the interphases were quantified in the first-principles calculations. Similar to the interphases, the coating layer materials artificially applied at the interfaces were demonstrated to stabilize and passivate the solid electrolyte materials. These results establish general guidelines for designing solid electrolyte materials with enhanced stability, which is crucial to enable Li metal anode and high-voltage cathode materials in all-solid-state Li-ion batteries.
METHODS
All density functional theory (DFT) calculations in this work were performed using the Vienna Ab initio Simulation Package (VASP) within the projector augmented-wave approach, and the Perdew− Burke−Ernzerhof (PBE) generalized gradient approximation (GGA) functional was used. The parameters of DFT calculations, such as the plane-wave energy cutoff and k-points density, were consistent with the parameters used for the Materials Project (MP). 17 The energy correction schemes for oxides, transition metals, and gas molecules were included as in the MP. 18, 19 The energies of most materials in this study were obtained from the MP database, 20 and DFT calculations were performed only for the solid electrolyte materials that were not available from the MP database. Details of these solid electrolyte structures were summarized in the Supporting Information. In addition, the calculated reaction energies and voltages neglected the contribution of the PV terms and the entropy terms as in previous studies. 11, 21 We constructed the grand potential phase diagram 11, 21 to study the electrochemical stability of the solid electrolyte materials. The grand potential phase diagram, which were generated using pymatgen, 22 identified the phase equilibria of the material in equilibrium with an opening Li reservoir of Li chemical potential μ Li . As in the previous studies, 11, 23 the applied electrostatic potential ϕ was considered in the Li chemical potential μ Li as
where μ Li 0 is the chemical potential of Li metal, and the potential ϕ is referenced to Li metal in this study. To quantify the thermodynamic driving force, we calculated the decomposition reaction energy E D for the decomposition reactions at applied voltage ϕ as
where E(phase equilibria, ϕ) is the energy of the phase equilibria at the potential ϕ, E(solid electrolyte) is the energy of the solid electrolyte, and Δn Li is the change of the number of Li from the solid electrolyte composition to the phase equilibria composition during the lithiation or delithation reaction.
3. RESULTS 3.1. Stability of Solid Electrolyte Materials against Li Metal. We first evaluated the electrochemical stability of solid electrolyte materials against Li metal and at low voltages. The phase equilibria, i.e., the phases with the lowest energy, in equilibrium with Li metal were identified by the Li grand potential phase diagrams ( Table 1 ). The solid electrolyte materials are not thermodynamically stable against Li metal (Table 2) and are reduced at low voltages with highly favorable decomposition energy ( Figure 1 and Table 2 ). In contrast, the Li binary compounds, such as LiF, Li 2 Figure 1 and Table 2 ).
In agreement with our computation, the reduction of LGPS starting at 1.71 V and the formation of Li−Ge alloy after the reduction have been demonstrated in the cyclic voltammetry (CV) and XPS experiments, respectively. 12 Other sulfides materials, such as Li 3.25 Ge 0.25 P 0.75 S 4 , Li 3 PS 4 , Li 4 GeS 4 , Li 6 PS 5 Cl, and Li 7 P 2 S 8 I, are reduced at a similar voltage of ∼1.6−1.7 V. The reduction potential is mostly governed by the reduction of P and Ge in the materials, and the reduction products include Li 3 P and Li 2 S at 0 V. For those materials containing Ge, Cl, and I elements, Li−Ge alloy, LiCl, and LiI are formed, respectively, as a part of phase equilibria at 0 V. The Li 7 P 3 S 11 is reduced at a voltage of 2.28 V into Li 3 PS 4 with a small decomposition energy (Figure 1a) , and the majority of the reduction starts at 1.71 V due to the lithiation of Li 3 PS 4 ( Table 2 ). The decomposition energy for all these solid electrolyte decreases with the potential to ∼−1 eV/atom at 0 V ( Figure 1a and Table  2 ), indicating the highly favorable reduction reactions of the sulfide solid electrolytes. (Tables 1 and 2 ). The reduction of Ti is a widely known problem and is observed at the interfaces of LLTO 14 and LATP 15 with Li metal by in situ XPS spectroscopy. In addition, the reduction of Ge-containing oxide materials Li 1.5 Al 0.5 Ge 1.5 (PO 4 ) 3 (LAGP) and Li 3.5 Zn 0.25 GeO 4 (LISICON) starting at 2.7 and 1.4 V, respectively, and Li−Ge alloys are formed at low voltages ( Figure 1b and Table 2 ). The reductions of LAGP and LISICON are consistent with the experiment studies. 26−28 The good agreements between our computation results and many experiments demonstrated the validity of our computation scheme.
Our calculations found the Li reduction of the solid electrolyte materials that are thought to be stable against Li. For example, LiPON, which is calculated using Li 2 PO 2 N as a representative of the material class (details are provided in the Supporting Information), shows a reduction potential of 0.69 V. The final decomposition products of LiPON in equilibrium with Li metal are Li 3 N, Li 2 O, and Li 3 P (Table 2) , which are consistent with the in situ XPS observations. 13 Although the calculated decomposition energy of LiPON is as large as −0.66 eV/atom at 0 V (Figure 1b and Table 2 ), LiPON is known to be compatible with Li metal as demonstrated by many experimental studies. 10, 29 Similarly, Li 3 PS 4 and Li 7 P 2 S 8 I, which are reported to be compatible with Li metal anode, 8, 30, 31 are reduced against Li metal and at low voltages (Table 1 and  Table 2 ). Therefore, the stability of these solid electrolyte materials against Li metal is not thermodynamically intrinsic.
The decomposition products, which form an interphase between the solid electrolyte and electrode, passivate the solid electrolyte and inhibit the continuous decomposition. For example, the decomposition products of LiPON, Li 3 PS 4 , and Li 7 P 2 S 8 I are Li binary compounds, such as Li 2 O, Li 2 S, Li 3 P, Li 3 N, and LiI, formed at the Li reduction. The interphase consisting of these decomposition products are stable against the high μ Li of Li metal (Figure 2a) , which is beyond the reduction potential (cathodic limit) of the solid electrolyte (Figure 2b ). At the equilibrium, the redistribution of Li + and other charged carriers (such as electron e − ) are formed at the interface to account for the potential drop across the electrode−electrolyte interface. 34 The electrochemical potential of the highly mobile Li + , μL i + , which includes the electrostatic potential energy, is constant across the interface. In contrast, the electrochemical potential of the electronic carrier μ̃e − , (red line in Figure 2b ) decreases significantly in the interphase from the anode to the solid electrolyte, since these interphases have poor electronic mobility and conductivity. Therefore, the Li chemical potential μ Li (black line in Figure 2b ), which equals to the sum of μL i + and μẽ − , decreases in the interphase from the anode to the solid electrolyte. The high value of μ Li from the anode decreases to be within the electrochemical window of the solid electrolyte after the passivation of the decomposition interphase. As a result, the decomposition of the solid electrolyte has no thermodynamic driving force to continue into the bulk. The solid electrolyte is stabilized by the decomposition interphases, which essentially serve as solidelectrolyte-interphases (SEIs) in all-solid-state Li-ion batteries. In summary, the SEI of the decomposition interphase decreases the high Li chemical potential μ Li applied on the solid electrolyte and bridges the Li chemical potential gap between Li metal and the solid electrolyte. This passivation mechanism explained the observed Li metal compatibility of LiPON, Li 3 PS 4 , and Li 7 P 2 S 8 I.
The passivation mechanism relies on the electronic insulating properties of the decomposition interphase layers to stabilize the solid electrolyte and is not active if the interphase layer is electronically conductive. For example, the reduction of LGPS, LAGP, and LISICON with Li metal forms electronically conductive Li−Ge alloys, and the lithiation of LLTO and LATP forms titanates with Ti of 3+ or lower valences. The decomposition interphases for these solid electrolytes at Li reductions are mixed electronic and ionic conductors. The electronic conductivity in the interphase cannot account for the drop of μẽ − across the interface regardless of the specific electron transport mechanism being metallic, band, or polaronic conduction. These mixed conductor interphases cannot account for the μ Li drop as the change of both μL i + and μẽ − would be small across the interphase. As a result, the solid electrolyte is still exposed to the high μ Li of the anode, and the reduction reaction continues into the bulk. In addition, the mixed electronic and ionic conductor interphase facilitate the kinetic transport of Li ion and electrons for the decomposition reactions.
14 The absence of the passivation mechanism explains the lithation and reduction of LGPS, LLTO, LATP, LAGP, and LISICON observed in the CV experiments.
It is worth noting that garnet LLZO shows the lowest reduction potential of as low as 0.05 V against Li and the least favorable decomposition reaction energy of only 0.021 eV/ atom (49 kJ/mol of LLZO) at 0 V among all solid electrolyte materials examined ( Figure 1 and Table 2 ). Given such small reaction energy, the Li reduction of garnet is likely to be kinetically inhibited, and the reduction products of Li 2 O, Zr 3 O, and La 2 O 3 (Table 1 ) may provide passivation to the material. These explain the widely reported 0−5 V window of garnet from the CV measurements in the literature. 5, 35 The reduction of garnet at 0.05 V forms Zr 3 O (Table 1) , following another plateau at 0.004 V to form Zr (Table 2 and Table S2 ) based on the DFT GGA energies. Since these small values of energy and voltage is below typical accuracy of DFT and the approximations of the scheme (see section 2), it is inconclusive whether the garnet LLZO is reduced to Zr 3 O or Zr at 0 V or against Li metal. Nevertheless, the formation of Zr would be thermodynamically favorable at a potential significantly lower than 0 V, which corresponds to applying high current density at the Li−LLZO interface. Recent report of instability of garnet against Li at elevated temperatures of 300°C may be an indication of the limited stability of garnet against Li metal, 36 as the diffusion and phase nucleation are facilitated at high temperatures.
3.2. Stability of Solid Electrolyte Materials at High Voltages. The oxidation reactions of the solid electrolyte materials were investigated using the same method in section 3.1. The LGPS material is delithiated and oxidized starting at 2.14 V (Table 1 and Figure 1) , and the final oxidation products of P 2 S 5 , GeS 2 , and S are formed at the equilibrium oxidation potential of 2.31 V ( Table 3 ). The oxidation potential of the
LGPS is confirmed by the CV experiment. 12 Similar to Li 2 S, all sulfide solid electrolytes such as Li 3.25 Ge 0.25 P 0.75 S 4 , Li 3 PS 4 , Li 4 GeS 4 , Li 7 P 3 S 11 , and Li 7 P 2 S 8 I are oxidized at 2−2.5 V to form S (Table 1 and Table 3 ). The other elements, such as P and Ge, are usually oxidized into P 2 S 5 and GeS 2 , respectively. The oxidation reactions of sulfide solid electrolytes are highly favorable at 5 V as described by the decomposition energy ( Figure 1a and Table 3 ).
Oxide solid electrolyte materials have higher oxidation potential than sulfides. The oxidation of LLZO, LISICON, and LLTO starts at 2.91, 3.39, and 3.71 V, respectively. The NASICON materials, LATP and LAGP, show the best resistance to oxidation with the highest oxidation potential of 4.21 and 4.28 V, respectively (Table 1) , and the lowest decomposition energy of only ∼−0.06 eV/atom at 5 V ( Figure  1b and Table 3 ). The delithiation reactions continue at higher voltages, and O 2 gas is released during the oxidation at high voltages for all oxide solid electrolytes ( Table 3 ). The oxidation of these solid electrolyte materials is not surprising, given that Li 2 O is oxidized at 2.9 V and that the O 2 gas is released by the further oxidation of Li 2 O 2 . LiPON starts oxidation at 2.63 V with the N 2 gas release. Our computation results are consistent with the experiments by Yu et al., 10 in which the onset of LiPON oxidation at ∼2.6 V in the I−V measurements and the microsized gas bubbles in the LiPON material were observed after applying a high voltage of 6 V.
A significant overpotential to the calculated thermodynamic equilibrium potential is expected for the oxidation reaction processes, which are likely to have slow kinetics. The kinetic limitations of the oxidation reactions may come from multiple aspects. Most decomposition products at high voltages (Table  3) are electronically insulating, and the diffusion of non-Li elements is usually slow in solids. Furthermore, the nucleation and release of O 2 and N 2 gas molecules are likely to have sluggish kinetics. For example, a significant overpotential of >1 V is often observed in the oxygen evolution reactions in metalair batteries. 37 Therefore, the overpotential of the decomposition reactions may provide a higher nominal oxidation potential of >5 V and a wider nominal electrochemical window observed in the CV experiments. 
Extend the Stability of Solid Electrolytes by
Applying Coating Layers. Currently, the interfacial resistance has become a critical problem for the performance of allsolid-state Li-ion batteries. The engineering of the interface, such as the application of interfacial coating layers, is used to improve interfacial protection and to reduce interface resistance. In this section, we investigated the electrochemical stability of the coating layer materials, such as Li 4 44 which were demonstrated to suppress the mutual diffusion of non-Li elements and to reduce the interfacial resistance at the solid electrolyte−cathode interfaces in all-solid-state Li-ion batteries. 2, 16, 40, 45 Our calculations show that these coating layer materials have an electrochemical window from the reduction potential of 0.7−1.7 V to the oxidation potential of 3.7−4.2 V (Figure 3a) . Therefore, the coating layer materials are stable between 2 and 4 V, the usual voltage range during the cycling of Li-ion batteries. In addition, the coating layer materials have poor electronic conductivity and can serve as artificial SEIs to passivate the solid electrolyte through the same mechanisms illustrated in section 3.1 (Figure 3b) . Given that the sulfide solid electrolyte materials are oxidized at as low as 2 V and are not thermodynamically stable at the voltage of 4 V, the coating layers serve as critical passivations through the same mechanism illustrated in section 3.1. The coating layers mitigate the low Li chemical potential μ Li from the cathode material applied on the solid electrolyte materials. As a result, the oxidation and delithiation of the solid electrolyte at the cathode interface is stopped, and the oxidation potential (anodic limit) of the solid electrolyte is extended by the artificial coating layer. Therefore, the coating layer effectively extended the anodic limit of the sulfide solid electrolyte from ∼2−2.3 V to ∼4 V. The overpotential to oxidize the coating layers may further extend the nominal stability window. Similar strategy of applying artificial coating layers has been employed at the anode side for the protection and stabilization of Li metal anode. For example, Polyplus 46 has applied coating layers between Li metal and LATP electrolyte to protect the LATP materials against Li metal. The passivation mechanism of the coating layer at the anode side is the same as the decomposition interphase demonstrated in section 3.1.
DISCUSSION
Our thermodynamic analyses based on first-principles calculations indicate that most solid electrolyte materials have a limited electrochemical window. In contrast to the widely held perception about the outstanding stability of the solid electrolyte materials, the solid electrolyte materials are reduced and oxidized at low and high potentials, respectively, and are not thermodynamically stable against Li metal. The sulfide solid electrolytes based on thio-phosphates are reduced at ∼1.6−1.7 V and oxidized at ∼2−2.3 V. The stability window of oxide solid electrolytes varies greatly from one material to another. Although some oxides have high reduction potential as sulfides, most oxide solid electrolytes have a significantly higher oxidation potential and are not oxidized until >3 V. In particular, the NASICON materials, LATP and LAGP, are thermodynamically stable up to ∼4.2 V. Among all these oxides investigated, the Li garnet materials, such as LLZO, have the best resistance to Li reduction. Overall, the oxide solid electrolyte materials have significantly wider electrochemical window than sulfides. The reduction and oxidation potentials as well as the decomposition products of solid electrolytes predicted from our calculations are in good agreement with prior experimental studies, confirming that our computation method based on the Li grand potential phase diagram is a valid scheme in evaluating the electrochemical stability of materials.
Our calculation results demonstrated that the good stability of the solid electrolyte materials is originated from the kinetic stabilizations. First, the wide, nominal electrochemical window observed in many CV experiments can be partially attributed to the significant overpotential of the sluggish kinetics during the decomposition reactions (Figure 4) . The decomposition reactions though kinetically sluggish are still thermodynamically favorable at the applied overpotential and may happen over an extended period of time, leading to the deterioration of the batteries. This kinetic stabilization from the sluggish kinetics of the reactions is different from the passivation mechanisms illustrated in section 3.1. The passivation mechanism of the interphases is the origin of the outstanding stability in the solid electrolyte. The decomposition interphases with good stability and poor electronic transport are effectively the SEIs in the allsolid-state Li-ion batteries to passivate the solid electrolytes (Figure 4) . The interphases, which are stable against solid electrolytes and electrodes, mitigate the Li chemical potential discrepancy between the electrolyte and electrode at the interfaces. As a result, the anodic/cathode limits and the electrochemical window of the solid electrolyte are significantly extended by the extra electrochemical window provided by the interphases (Figure 4) . The effective electrochemical window of the solid electrolyte materials is its own intrinsic electrochemical window plus the electrochemical window of the interphases (Figure 4) .
In this study, the electrochemical window of the solid electrolyte and the extensions by the interphases were calculated using the first-principles methods. Our computation scheme evaluated the electrochemical window based on the equilibrium of the neutral Li, which is a necessary condition for the equilibrium at the interface. As suggested by Goodenough, 47 the electrochemical window of the electrolyte can also be estimated by the difference between the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) states of the electrolyte based on the equilibrium of electrons across the interfaces. These equilibrium conditions of carriers other than neutral Li also need to be satisfied at the interfaces. The equilibria of the charged carriers such as electrons or Li + are subject to the formation of polarizations and interfacial space charge layers, which are dependent on the defect chemistry and the structures of the interface. 32, 33 In some cases, a significant amount of electrons or holes may accumulate in the interphases due to the charge redistribution, defect chemistry, or special interfacial structures and may activate the electronic conductions in the interphase deactivating the passivation effects. Nevertheless, our results based on the equilibrium of neutral Li are in good agreement with many experimental studies, suggesting the validity of our scheme.
The interphase stabilization mechanism provides guidance for the development of solid electrolyte materials. The formation of the decomposition interphases plays an essential role in the stability of the solid electrolyte and should be considered in the design of solid electrolyte materials. Our calculations have shown that the reduction of the solid electrolytes is generally governed by the reduction of the cations, and the interphases formed by the reduction of these cations often control the interfacial stability. For example, LGPS, LAGP, LATP, and LLTO solid electrolyte materials form electronically conductive interphases at low voltages, such as Li−Ge alloys or Li titanates, which cannot provide the passivation for the solid electrolyte materials. Therefore, our results suggest that certain cations or dopants, such as Ti and Ge, in the solid electrolyte materials, negatively affect the stability against Li metal. Other cations, such as Si, Sn, Al, and Zn, may have a similar effect. However, doping with anions does not have such limitations for the stability of the solid electrolyte at low voltages. The Li reduction products of common anions, such as O, S, F, Cl, and I, are usually Li binary materials, such as lithium chalcogenides and lithium halides, which are thermodynamically stable against Li and are good electronic insulators. The passivation provided by these materials is the origin of Li metal compatibility for LiPON, Li 3 PS 4 , and Li 7 P 2 S 8 I solid electrolyte materials. 8, 10, 13, 30 Doping lithium halides is a highly effective method in the design of solid electrolyte to simultaneously achieve improved ionic conductivity and Li metal stability. 30, 48, 49 In addition, the properties of the decomposition interphases significantly affect the performance of all-solid-state Li-ion batteries. The decomposition interphases with electronic conductivity may enable the continuous decomposition of the solid electrolyte during the cycling of the batteries. For example, a recent experimental study 12 has identified that the reduction and oxidation products of the LGPS can be reversibly cycled. Therefore, the interphases formed due to the decomposition of the solid electrolyte may effectively become a part of active electrode materials of the battery. Such decomposition of the solid electrolyte materials during the cycling of the battery may cause degradations of the interfaces, leading to high interfacial resistance, low coulombic efficiency, and poor reversibility, which are major limiting factors in the performance of all-solid-state Li-ion batteries. While the good electronic insulation of the decomposition products are preferred to achieve good stability and low thickness of the interphases, the high Li ionic conductivity is important for achieving low interfacial resistance. For example, Li 3 N and Li 3 P formed at the LiPON−Li interface are phases with high Li ionic conductivity, 50, 51 which may explain the good interfacial conductance for LiPON−Li interface.
However, the properties of the decomposition interphases may not always be as desired, since these critical interfacial properties are determined by the spontaneous decomposition of the solid electrolytes and electrode materials. 16 The undesired electronic conductivity of the decomposition products may cause continuous decompositions of the solid electrolyte materials, since the electronic insulation of the decomposition interphases is essential in stabilizing the solid electrolyte. The engineering of the interface, such as the application of artificial coating layer, is a demonstrated method for the interfacial protection and to reduce interfacial resistance if the spontaneously formed SEI layers have unsatisfactory properties (e.g., high electronic conductivity and low Li + conductivity). Our calculation results showed that the coating layer materials passivate the solid electrolyte against the oxidation at high voltages. The outstanding stability of the coating layer against both solid electrolyte and electrode also impedes the mutual diffusion of non-Li elements, such as Co and S, at the interface, which is a known problem for the degradation of interfaces between the sulfide electrolyte and LiCoO 2 . 16 Furthermore, the coating layer artificially applied through thin film deposition is as thin as a few nanometers, 38, 42 while the interphase layer formed by the spontaneous decomposition can be as thick as 100 nm. 16, 42, 45 The thinner coating layer of less than 10 nm yields significantly lower interfacial resistance. 16, 42 In addition, as the applied coating layer bridges the differences of Li chemical potential between the solid electrolyte and the cathode material, the formation of space-charge layers is mitigated 40 to reduce the interfacial resistance. Therefore, applying artificial coating layer provides multiple advantages compared to the interphases formed by the spontaneous decompositions. The development of materials processing techniques to engineer the interphases is critical for improving the performance of all-solid-state Li-ion batteries.
CONCLUSIONS
Our first-principles calculation results indicate that most solid electrolyte materials have limited electrochemical window in contrast to the widely held perception about the outstanding stability of the solid electrolyte materials. Most solid electrolyte materials are not thermodynamically stable against Li metal and are reduced and oxidized at low and high potentials, respectively. Sulfide-based solid electrolytes have significantly narrower electrochemical window than the oxide-based solid electrolytes. Our calculation results show that the good stability of the solid electrolyte materials is not thermodynamically intrinsic but is rather originated from the kinetic stabilization. This kinetic stabilization is achieved due to the sluggish kinetics of the decomposition reactions and the decomposition interphases with poor electronic transport similar to the SEIs. We illustrated the stabilization mechanisms of the decomposition interphases, which passivate the solid electrolytes by mitigating extreme Li chemical potential from the electrodes. Our results suggest that the decomposition interphases of the solid electrolyte and the engineering of the interface are critical for the performance of all-solid-state Li-ion batteries. The interphases with good electronic insulation and high Li ionic conductivity are preferred to achieve an interface with good stability and low resistance. The application of artificial coating layers is a promising method for the stabilizing interfaces and for reducing interfacial resistance. Our study demonstrated the computation scheme to evaluate the electrochemical stability and the decomposition interphases of solid electrolyte materials and provided the fundamental understanding to guide the future design of solid electrolytes and interphases in all-solidstate Li-ion batteries.
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